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Predicting and rationalizing the electronic and magnetic properties of transition-metali ons is ac orec hallenge in coordination chemistry.T his is particularly importantf or complexes that exhibit non-standard ground states, such as intermediate spin systems. The latter are relatively uncommonb ut critically important in, for example, the study of spin-cross-over processes, single ion single-molecule magnets, and in (enzymatic) catalysis.
[1] In the case of Fe III (d 5 ), intermediate spin ground states are observed mainly for complexes of square pyramidal coordination geometry with few exceptionsf ound in octahedral or square planar complexes in case of suitable ligand environments.
[2] Although the electronic and magnetic properties of a number of mononuclear S = 3/2 Fe III complexes have been the subjecto fd etailed experimental studies, the corresponding computational studiesa re limited to the determination of the spin of their ground states,a nd, to the best of our knowledge, the presentr eport is the first theoretical considerationo ft he origin of their magnetic anisotropy. [1a,d, 3] Here we report as eries of closely relatedm ononuclear square pyramidal Fe III complexes that displaya ni ntermediate spin ground state, and we take advantage of this unique opportunity to carry out combined experimentala nd theoretical studies that are essential to developing ar ational correlation betweentheir structuraland magnetic properties.
The [FeL N2S2 X] complexes [with L N2S2 = 2,2'-(2,2'-bipyridine-6,6'-diyl)bis(1,1'-diphenylethanethiolate) and X = Cl, Br and I], Fe(L)Cl, Fe(L)Br and Fe(L)I,w erei solated following the reaction of L N2S2 with FeX 3 (X = Cl [4] and Br) in THF or between the dinuclearF e II disulfidec omplex Fe II 2 SS [5] and an excess of tetran-butylammonium iodide in acetonitrile (MeCN) for Fe(L)I (Scheme 1). The structures of Fe(L)Br and Fe(L)I is reported in FigureS1.1 (SupportingI nformation),w hereas the structure of Fe(L)Cl [4] was reportede arlier. Allthree complexes are obtained with ap enta-coordinated iron center in ad istorted square pyramidal geometry (t 5 The temperature dependence of the cT product for Fe(L)Br and Fe(L)I is shown in Figure 1t ogether with that of Fe(L)Cl for comparison. The room temperature cT values for all complexes are consistent with the expected valuesf or S = 3/2 species. This is also confirmed by DFT calculations performed at OPBE [6] and S12g [7] /TZ2P level of theory,w hich was shown to be accurate for spin state energetics. [8] Separate optimizations for the three possible spin states (low,i ntermediate, high) reported in Table 1s how clearly that the intermediate-spin state, S = 3/2, is in all cases the spin ground state, whereas the order of excited states dependso nt he level of theory (TableS3.1, Supporting Information). The geometries of optimized S = 3/2 complexes are in excellent agreement with X-ray structures, with an RMS error of less than 1.3 pm (Table S3 .2, Figure S3 .1, Supporting Information).
The intermediate spin ground state is ac onsequence of strong and covalent bonding in the xy plane, and weak bonding between the metal ion and the axial ligand.H ence, the d x 2 Ày 2 orbitali st he highest in energy and well separated from the other four metal-based orbitals, including the d z 2 orbital. At the same time, nephelauxetic reduction due to the covalency decreases pairing energy, leading to the double occupation of the mainly non-bonding d xy orbital, and thus to an S = 3/2 ground state (Figures S3.2 and S3.3, Supporting Information).
The magnetic properties of an S = 3/2 system,s uch as the present Fe(L)X complexes, can be described by aSpin Hamiltonian that includes the zero fields plitting (ZFS)t erms and the electronic Zeeman interaction [Eq. (1)].
in which S is the spin, D and E are the axial and rhombic ZFS parameters, respectively,a nd g is the isotropic electronic Zeemaninteraction. The magnetics usceptibilities of the complexes remain constant down to ca. 30 K. At lower temperatures,t he cT values decrease, as expected for moderate ZFS. Powder cw X-and Qband EPR spectra recorded at low temperatures (Table 2 ). The trend, that is, an increase of D with the increase of the halide SOC, is generally observed [9] in mononuclear 3d complexes with only afew exceptions.
[10]
The ZFS parameters of the three complexes were calculated in the framework of the coupled-perturbed DFT approach (CP-DFT), [11] ( Table 3 ). The influence of the level of theory andc omparisonwith data obtained with LF-DFT [12] are provided as Supporting Information (see SectionS4). Experimental and calculated D values are in ag ood agreement concerning both their magnitude and sign. Although predicted D values are in good agreement with the experimental data, the calculated E/D values display significant deviation, which is often observed in aD FT framework. [13] Generally,t he main factor driving the magnetic anisotropy is the spin-orbit coupling (SOC). Interestingly,t he trend in magnetic anisotropy is seen in which D is decomposed into its SOC (D SOC )a nd spin-spind ipolar contribution (D SSC )t erms using CP-DFT (Table 3) In an attempt to rationalize the origin of the differencei nD SOC between the three complexes, D SOC is further decomposedi nto four terms according to single electron excitations: a!a-from singly occupied molecular orbitals (SOMO) to the virtualo rbitals (VMOs) ; b!b-from doubly occupied orbitals (DOMO) to SOMO; a!b-spin flip between SOMOs; b!a-from DOMO to VMO. The first two contributionsa rise from excitationst hat lead to S = 3/2 excited states, the third to S = 1/2 excited states, and the last to S = 5/2 excited states.I nt he case of Fe(L)Br,e xcitations to both doublet and quartet states contribute to D SOC ,w hereas for Fe(L)Cl and Fe(L)I excitations to doublets represent the main contribution. In addition, it should be noted that in the iodido and chlorido complexes the first excited states differ being S = 5/2 and S = 1/2, respectively (Table S3. [14] (Table 3 ).
In summary,t he present combinede xperimentala nd theoretical approach enables the rationalization of experimental data leading to am ore complete understanding of the electronic structure of such systemsa nd of the factorst hat govern the contribution of the different excited spin states in the magnetic anisotropy of intermediate spin state Fe III complexes. The origin of the magnetic anisotropy,a nd even the trend in values, differs from our earliers tudies on the same ligand system with Co III (S = 1), [10e] and different complexesw ith S = 3/2 (Mn IV ), [13c] whichi sacleari ndication that any change induces different magnetic behaviord epending on the spin system and analogiesc annot be drawn ap riori with systems that are yet to be investigated. Understanding of these effects and the potentialf or DFT methods to predict them, opens new opportunities in the rational design of magnetic materials with desired properties.
Experimental Section
Synthesis of Fe(L)Br:S olid NaH (60 %i nm ineral oil, 14 mg, 0.3 mmol) was added to the solution of H2L N2S2 (50 mg, 
